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.FOREWORD

Illllllllllllllllll!l[llllll=“=
OClbhL42 :-

In viewof thecurrentinterestin the subject,theSocietyof
AutomotiveEngineersorganizeda panelsessionon “HIGH-SPEEDROLLIIiG-
CONTACTBEARQ?GS”at theSociety’s1952SummerMeeting.Themembersof
thePanelandtheiraffiliationsat thatthe were: EdmondE. Bisson,
NACA,Cleveland,Ohio;StephenDrabek,GeneralElectricCo.,Cincinnati,
Ohio;DanielGurney,Marlin-RockwellCorp.,Jamestown,~. Y.;E. IRred
Macks,IWCA,Cleveland,Ohio;F’.W. Wellons,SK1’Industries,Philadelphia,
Penna.;C. M. Michaels,T/TightAirDevelopmentCenter,Dayton,Ohio.

● SinceallthePanelmembers,exceptMr.Drabekjwereeithermembers
of theI?ACASubcommitteeonLubricationandWearor on thestaffof the
NACALewis,Laboratory,itwas constder,eddestiablefortheNACAto<
assembleandreleasethepaperswhichwerepresentedsincetheSAE
dtdnotplanto publishthismaterialin full.

The generaldiscussionof “trendsof rolling-contactbearingsas
appliedto aircraftturbineengines,”whichappearson theyellowpages
in thisreport,waspreparedat theLewisLaboratoryas a generalsum-
maryof thediscussionat themeetingand itwas subsequentlycoordinated
withthemembersof thePanelto insureitsaccuracy.
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TRENDS0)?ROLLLNG-CONTACT’BEARINGSAs APPLIED‘m
-,..

AIRCRAFTGAS-TURBINEENGINES

suMMARY:”’-
-:

A reviewof thepresentandfuturetrendsof rolling-contactbear-
ingsforaircraftgas-turbineenginesindicates“thatwhilerolling-con-
tactbeariugsaresatisfactoryforpresentproductionengines,such
bearingsforfuture,higheroutputaircraftenginesrequireextensive
development.The specificrequire?rentsforrolling-contactbearings
forfutureaircraftgas-turbineenginesareverysevere.Operating
temperaturesto 750°F, turbinesoak-backtemperaturesto 1000°F,
thrustloadsto 50,000pounds,andDN valuesto 3.5X106aredesired.
if possibleof attainment.(DNvalueis theproductof thebearing
borein millimetersand shaftspeedin rpm.)

Theseoperatingconditionsresultin twopri~rY problems:

(a)C~e materials

(b)Enduranceof materialsforracewaysandrollingelements

Besidesthesespecificrequirements,therearethefollowingbasic
requirements:

(1)

(2)

(3)

(4)

(5)

(6)

.,

Extremereliabilityfora lifeof 1000hours

Insensitivityto oilflowinterruptions.,

bw oilflowand coolingload .=

Freedomin alinementtolerances .

LOWstartingtorquewithoutpreoiling

Abilityto startat verylowtemperatures

It is generallybelievedthatsubstantialbearingimprove~ntscan
oemade,particularlyif theeffortsofbearingcompa~iesjenginecom-
~anies,andgovernmentagenciesareincreasedandintegratedwhere
possible. .-
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INTRODUCTION

In viewof theincreasingproblemsassociatedwithhigh-speed, - w

high-temperaturebeari.~sforaircraft,a paneldiscussionon “High-
SpeedRolling-ContactBearings”washeldduringtheSAEsummermeeting,
June4, 1952. Thepurposeof thisreportis to preservethecomplete
textandfiguresof thesixpreparedpaperspresentedduringthepanel
discussion,andthesearegivenin appendixesA throughF. Thetextto
followi6basedon theoriginalpapersandthediscussionat themeeting.

The
analyzed

(a)

(b)

The

DISCUSSION

preparedpapersandthediscussion
andsummarizedunderthefollowing

Requirements

Approachesto theProblem

REQUIREMENTS

rolling-contactbearingis favored
ingin thesubjectapplication6ecauseof:

(a)

(b)

(c)

(d)

(e)

Extremelow-temperaturestarting

whichfollowedhavebeen
headings:

overthehydrodynamicbear--
●

..

k’

I@wstartingtorquewithoutpreoiling

Relativeinsensitivityto oilflowinterruption

Greaterfreedomin alinementtolerances

LOweroilflowandcoolingload

Theforegoingareregardedas basicrequirem&nt8foraircraftgas-
turbineenginesandarein addition-totherequirementsto follow.

It is.generally,agreed.thatrolling-co~tactbearingsaresatis-
factoryforpresentproductionai_rcraftgas-turbineengines.The lack
of acute.problemencounteredin theseprese”ntenginesdoesnotman’
thatno problemshaveexisted.Twoprimarydifficultieswhichwere
associatedwithturbojetrotorbearingsaudwb,ich,hav’ebeensolved,at
leastforthepresent,were: : - - ... ,

(a)Inadequatebearinglubricationandcoolingprovidedby oil-
air-mistlubricationwhichresultedinbearingfailures.
Thisdifficultywasgenerallysolvedby oil-jetlubrication \

forallrotorbearings.
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(b)High-temperature“soak-back”fromtheturbinewheelto the
turbinerotorbearingwhichresultedin evaporationof the
lubricantat the-bearinglocation.The lackof lubrication
duringsubsequentstartsresultedin a highrateofbearing
failuresbecauseof “pick-up”andmetaltransfercausedby
incompatiblecageandracewaymaterials.An interimsolution
to thistypeof failurewas obtained,in largepart,by sil-
verplatingthebrassandbronzeb’earingretainers.

.-
.— .. .-

Althoughpbesentlynot catisinganygreatconcern,theforegoing
twoproblemsmaybe seriotilimitationsforfutureengines.This -
is truebecause,as engineperformanceis extended,bothbearingcool-
ingandturbinesoak-backtemperaturewillbecomemorecriticalb
reliablebearingperformance,and it is notunlikelythattheseproblems
my reoccur. .-..

It is generallyagreedthatbearingsforfutu”ehigheroutputair-
craftenginesrequireextensivedevelop~nt.Thedirectrequirements
in thisregardarenotspecific,sinceenginemanufacturershavevarious
projecteddesigns,theexactrequirementsof whicharequitedifferent
in manycases. .. ~,

,,
Thebearingproblemnmstconmnnto allenginemanufacturersis that

of increasingbearingtemperatmes.Operatingbearingtemperaturesof
750°F are‘consideredrepresentativein theforeseeablefuture.. Bear-
ingtemperaturesof 1000°F dueto turbinesoak-backhavebeen
discussed.

%
A secondrequirementof utnmstimportanceis thatof highbearing

thrustloads. Thebe=’ingthrustIoadbecoms a moresevereproblemas
engineoutputis increased.Not onljwe thethrustloadsverygreat,
but thenwgnitudeof thisload“varieswidelyovertherangeof engine
operatingconditions.Designvaluesofbearingthrustloadexceeding
50,000poundswouldundoubtedlybe employedin soreenginedesignsif
bearingsexistedwhichwouldopedateforthedesired~CM)O-hourlife
underthisloadat thetemperaturesandspeedsinvalved.Untilbearings
ar~developedto absorbsuchenornmusloads,theseI%ds mustbe re-
ducedby theuseof balancingpistons.Theuseof balancingpistons
dictate~theuseof sealsat largediameters,andthecofiinati~nof.
b~lariciggpistonsandlargesealsresultsin a substantiallossof
engine-performanceandan increasein comQlicationandweight. A third
requirementof importanceto many’enginemanufacturersis-thatof higher
bearingsurfacespeeds.Althoughrotorrotativespeedsarenot-increas-
ingsignificantl~,verylargeTe@earingsmustbe usedwithdual-rotor
‘engines.Bearingsurfacespee~sof 3.5-%L06DN valuehavebeendiscussed
as quiteprobableif reliablebearingswereavailable.Thisrequire-.
msntis aboutthreetimesthe’s~’facesp’eedsusedin present-day
aircraftt~bine engines’. ~ --- .-?: .. ...}..

w’ -i:. -.>- .<...
,. .. ,.
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One-ofthever-yimportantproblemsin presentandfutureturbine
enginebearingsis.thatof thecagematerial.Incompatibilityof cage
materblswith.racqlpmterialshas.resultedinbearingfailuresin the
pastand~ll undoubtedlybe a s~giouslimitationon futurebearing
performancebecausethe.lubricatiou,of thecage-locatingsurfacewill –
certainlybe poorerat theelevat@speedsaridtemperatures,This ~~
limitationonbearingperformancewillcontin’uetoexistuntilconsider-
ableresearchinformationis obtainedon compatibilityof materials
whichhaveadequate.physicalprope~>iesat t_epperaturesto 750,0F. This
informationmustbe obtainedin full-sizebearingsas wellas inbench
testson.fri.ctionandwear. ~~ j_ ,. :--’,

-.

As a resultof the.foregoi-&”.bearingre~uiremen~-=?’severaladditio~-
al problemsresult,foremostof thesebeing:

(a)Lulmicantsfor~ghep temperatures _ ,,. .

(b)Greatlyincreasedlubricantcoolingload

As an exampleof lubricantc.Qolingload=ueonlytobearinglosse-s~
it is estimatedthatabout8.5hO;6epOWeris-reje~ to theoilin one
typeof productionairo~aftga6-twbineengine..Sgmeof_theenginesin
thedevelopmentstagehavelubricantcooling-loadsmanytimesthefore-
goingvalue. To thiscoolingloadmustbe added-thelargeheat106sto
thebearing(andsubsequentlyt~the lubricant)fromthehtgh-
temperatureenvironment. .— .,

Although:thetwo problem”of,high-temperaturel.ubrican&aand
lubricantcoolingcannotIIGseparatedfromthe~igh-temperature,high---
load,high-fipeedbearingproble~ thescopeof thepresen>.leportdoes.-
notinclud_eadetailedWb.ricantdi&cW8ion.~:A discussionloflubii- :,
cantsmaybe foundin reference1.-. _.:..=, , .... .. ,:. -. ~

.... . ,,4.- i—!-..-... .,
Theanticipatedoper~tingcmditionsof rollinq-c&tact.b&cing”fi-

in turbojetenginesmaybe summarizedas follows:~ , , ...

Maximumbearingtemperature;~ ‘ “:,> ‘:, ~ :’; “ “-7;;;_

Operating-----.. ,-.. ;-,,.. . ..... . . ; . . . . . . .
Turbinesoak-back.-v.-.. .“..-. . . . ‘.. . . . . . . . ... 10QO

Maximumbearingthrustload,lb . .“..’. .-;. . . . . .-. . .--50,000
Maximumbeariw surfacespeed,DN value,-..,..:.....+.. ._.. . 3.5X106

=.—— +. ..

. .
. ..

.

-.

—-

.—

.-,. .. .-
APPROACHEST6 ‘tiPi@= - ‘ “ ‘-- ; ‘:.-.

w

Thevarious.beqringrequire~rits,,(suchasi.ncreake”’;’f‘temper~ture~
thrustload,andsurfacespeed)cannotbe con~i.deredSn+$~ends.gt~.,— .
Increasedengineperformanceresultsin anfincreasein allthreeo-f
theseconditions,withbearing-fiurfacespeedbeinga possibleexceptioh‘ “

.-

..&
.-

9‘-

in certaincasesonly. —
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General

4
The solutionof theproblemsass~”ei-atedwithadequatebearingsfor

futureaircraftenginesis the-responsibilityof:

(a)Theresearchengineer’andthephysicist-

(b)The“m~a~~gist ““ . .—

(c)Thebearingapplicationengineer

Therearemanypossibilitiestoward-theextensionof thetem-
perature,load,and.speedlimitationsof existingbearings.Materials
anddesignarethe-twoprimaryavenuesof approach..

&teria’lsforRaces‘andRol_ling”Elem=nts

*

‘%

Physicalproperties.- There@iredphysicalpropertiesof ~terials
suitableforracesandrollingeleuientsof high-speed,high-te~erature
bearings

(1)

(2)

(3)

(4)

(5)

(6)

areas follows:

Minimumhardnessof RockwellC-58at operatingtemperature

Dimensionalstabilityat operatingtemperature

Criticalalloyingelement~”(particularlytungsten)heldto a
reasonable‘minimum ., .. --

..
Oxidationresistance,qt.operatingandat roomtemperatures-=, ~,.<.,. .. -L
Reasonableheat-treatmentand”grindingcharacteristics

Readilyavailablefromseveralsources L-.‘~

Of thevariouspossibilities,.the”m~%denumtoolsteelsappear
to showconsiderablepromisetowardmeetingthesephysicalproperties.
Hot-hardnesstestsshowtQatsomeof thesesteelswillmeettheminimum’
hardnessvalue=ofRockweQ C-58at--a“t”emperattieof 830°F; hardness
dropsto RockwellC-57at ~“” F.-DimensionalStab”ility-studiesto
WOO F showednegligiblechangesin-diameterof ringstidefromthese
steels.Thesesteelsdo,howe_yer,requireconsiderablylongergrinding
times(8OtQ 300percent)thandoesSAE’521OO. “-.

Compatibilitywithcagemterial.- Theproblemof compatibility
. of thoserolling-contactbearing~te”rialswhicharein rubbingcontact

is quiteqevereandisljelfevedto-be-oneof thepresentlimitations
to high-speedoperation.Y Thisproblem”wi.ll”bedistiussedmorefullyin
the section“CageM5terials”under“Compatibility.*’
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Fatigue.--Provi3edotherlimitationscanbe eliminated,fatigue
willbecomethe-limitationfor:thethrustbearingoperatingat high
loads. Thefatiguelifeof r~lling7cQntactthrus~beari~s 6houldth~re-
fore.beincreasedsignificantlyif thisbearingtypeis tobe a reliable
componentof fut~e aircraftengines.For example,asbasedupon
existingknowledge,thelifeof a ballbearingis limitedto 1OC-O_hours
with10 percentexpectedfailuresat zeroexternalLoa,dif DN valuesof
theorderof magnitudeof 2X106We e~yed. Thebearinglifeis
limitedbecauseof internalcentrifugalloads..To solvethi8problem>
extensiveresearchon materia15mustbe conductedby bearinganden’~ine
companiesas wellas by governmentagencies,. —..

.-
~Whilesomefeelthatthefutureair&ft enginerequirem=nt~for

rolling-contactbearingsarein the “realmof fancy}”manyothersthink
verysignificantimprovementsinbearingfatiguelifecanbe made.
Toolsarenowa~ailable.(ref.2) which.sh~wpromisetowardaccelerating
thistypeof research.Bench_cestsmust,hawever,be followed.byfull-
scalebearimgtests. The.problemism difficultES it is important.
It isbelievedthattheeffortexpendedIn,thi.sfieldmustbe &eatlY
increa8edin ordertO iqro~e thefatigue~fe and.todecreaset% ~fe
dispersionofbearings. - .

,.. ., —L

,CageMaterials ._,,—,

Physicalpr~perties.- TQ~,required~hysicalpropertiesof mater-
ialssuitablefor cages-ofhigh;speed,h~h-te&peraturerolli~~conta,ct
beariugs

(1)

(2)

(3)

areas follows:-

Adequatestrengthat-low$mdhightemperatures(presentcage
materi%lshave.&degu%testrengthat lowtemperatures)

Oxidationresistance –-..J: .—,.

Thermal,expansionc~ef$ieienta~proac<hingthatfortherace..
materials -.= ,.” . ‘~’_.

-.
Besidesth-esephys~icalpropertyrequirements,thepropertyof

compatibilityismostimportant;thispropertywillb-ediscussedin the.,
followingsection. . ,

Compatibility.- The compatibilityof tliosematerials”inrolling
contactbearingswhicharein r@bing contactmustbe i~ro~eda6-”tE~
temperatures,loads,and speedsareincreased.Experimentalresearch
mustbe .accelerat.ed,andcondit\oBssimulatingactualcon~tionsin”
bearingsshouldbe used. As certainof,theseconditionsarenotknown
exactly,therange.of variablesinbench-testsmustbe increasedto-

,—

covertheunknownregion.Benchtests.mustbe followedby-ftilI~scale—

,.
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bearingtestsundersimulatedoperatingconditions.In additionto the
conventionalfrictionandweardata,fundamentalresearchregarding
factorssuchas solidvolubilitymayyieldhelpfulresults.me effect
of solidsurfacefilmsr~sultingfrominternaland externalsaurces
(asdiscussedin detailin ref.3!)as wellas coatingsandplatings
shouldalsobe investigatedfurther,as manyfeeltherearetoo-little
dataavailablein thisfield.The ability,of materials,to formsurface
filmsthatpreventweldingis au importantfactorin bothdryfriction
andboundarylubrication.

Design -

Someimpro~ementcanbe expectedthough geometricchangesin cages
as wellas internalbearing&sign. Cage-1ocatingand cage-pocket
surfacesshouldbe providedyithlubricationas neartQ hydrodynamic
(fullfilm)as is possible.Balanced,lightcagesmightshowsome
improvement.Cagesurfaceloadsmaybe reducedappreciablyby adequate
internalbearingdesign.Reductionof theseloadswouldlessenthe
severityof the compatibilityproblem.Refinementof tolerances(for
rollingelementuniformityandroundnessandfor theprecisionof race-
way tracks)mustbe nadeas operatingconditionsbecomemre severe.
Experimentaldeterminationof optimumcortibinationsofbearingdiametral
andaxialclearancesand contactangleforparticularoperatingcondi-
tionsmayalsoyieldsubstantialincreasesinbearingperformmce.
Undercutsand chamfersmayalsobe extremelysignifi~a~t
limitationsareextended.SuxfacefinishtolerancesaQd
stabilizationat theoperatingconditionsarealsoitems
Futurebearinglubricationmaybe madenmreeffectiveby
preciselycontrolledlubricantflowsoverandwithinthe

as bearing
dimensional
to be improved.
meansof
bearings.

CONCLUDINGREMARKS

The requirementsforrollingcontactbearingsforfutureaircraft
gas-turbineenginesareverysevere.Operatingtemperaturesto 750°F,
thrustloadsto 50,000pomds, andIX?valuesto 3.5x106are desired.

RECOMMENDATIONS

Specificrecommendationsaregivenin thetext. It is believed
thatsubstantialbearingimprovementscanbe madeif theeffortsof
bearingcompanies,enginecompanies,andgover~nt agenciesare
increasedandintegrated.

LewisFlightPropulsionLaboratory
NationalAdvisoryCotitteeforAeronautics

Cleveland,Ohio,Deceniber16,1953
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APPENDIXA

PROBLEMSPERTAININGTO HIGH-SPEEDROLUNGUCONTACTAIRCRAFT!

*

r

BEARINGSOF CONCERNTO TEEBEARINGINDUSTRY

By DanielGurney,VicePresident
‘Marlin-RockwellCorp.
Jamestown,NewYork

Bearingsinwhieh”theloadis carriedby meansofballsor rollers
contactingracesarebecominguniversallyknownas rolling-contact
bearings.Theyareentirelydifferentin operatin&principalfrom
hydro@namicor oil-filmbearingsinwhichtheloadis supportedby a
fluidfilm. In theiranediatepast,ballandrollerbearingshavebeen
calledantifrictionbearings.Theirfrictionis relativelylow,par-
ticularlyat starting.Eowever,hydrodynamicbearingsmayalsohave
lowfrictionandtheirdesignerscertainlywouldobjectto theirbeing
called“frictionbearings.’!‘Thusrolling-contactbearingsis a much
betterdescriptivenameforthistypeofbearing.

Rolling-contactbearingsmy be broadlyclassifiedas ballbear-
ingsandrollerbearings.Eachor theseclassesis subdividedinto
bearingsof differentdesignsfordifferentpurposes.The deep-groove
annularballbearingconsistsof an innerandan outergroovedrace
betweenwhichis a complementofballsheldin spacedrelationby a
suitablecageor retainer.Thisbearingis assetiledhydisplacingthe
innerraceradiallywithintheouterraceandfillingtheopensidewith
slightlyover30 percentof thefullcomplementof balls. Theballsare
thenequal~ spacedand thecageis asse@ledto holdthemin this
spacedrelation.Thisbearingdoesnothavethemximum numberofballs,
thereforeit doesnothavethemaximumloadcarryingcapacity.

Themaximum-capacityballbearingis sometimesmde by modifying
thedeepgroovebearingby.usingtwofillingslotsto introducethe
lastfewballsthatcannotbe put inby eccentricdisplacementof the
races. Thisis knownas thenotched-t~ebearing.

The counterboredtypeof bearingis onehavingtheouterrace
grooveshallowon oneside. Thisbeariugis mde withthemaximum
possibleballcomplement,but is capableof takingthrustin onlyone
direction.The depthof thegrooveon thecounterboreor shallowside
is equalto theamountthattheouterringcanbe expandedby heating
it about300°F abovethetemperatureof theinnerringandballs,and
thebearingis assembledbyso heatingit and snappingit overthe
innerrace,balls,and cage.
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Theangular-contactbearingis a variationof thecounterbored
P

typeofbearingin whichtheballscontacttheracegroovesat a pre-
determinedanglewhichmakesthebearingcapableof takinga heavier
thrustload. Thisangleis governedsolelyby theloosenessof the
internal“fit-up”of thebearingandtheconformityof therace-groove
curvatureto theballcurvature.

All theaforementionedbearingsmaybe madein double-rowtypes
wheretworowsofballsareusedwithsingleinneror outerrings,or
both.

.—

Rollerbearingsalsoaremadein manydifferentdesignsor classes
whichwillbe brieflyenumerated.Cylindricalrollerbearingsconsist
of an innerandan outerraceandrollersspacedby a cage. Usually
therollershaveapproximatelythesamelengthas diameter,although
forrelativelylowspeedandhigh-loadcapacitytheyBy havelong
rollers.However,thelongertherolleris in proportionto itslength,
themoredifficultitbecomesto preventit fromskewing.

Taperedrollerbearingshavea taperedinnerandouterraceor
coneandcup,respectively,betweenwhicharemountedtaperedrollers
suitablyspacedby a cage. Thelongitudinalelementsof allof the~e
tapersmeetat onepointon thecenterlineof thebearingso there
is virtuallytruerollingactionof theelements.

.
Rolling-contactbearingscarrytheirloadat thecontactof the

rollingelementswitht’heraceways.Thisresultsin relativelyhigh
stresses.Thelifeof thebearingis limitedby the fatiguestrength P
of themetal. Theracesandrollingelementsarebothsubjectedto a
numberof stresscyclesperrevolution.Thusthelifeof theelements
is governedhy thenumberandintensityof thesestresscycles.

Thelifeof a seriesofbearingsis inverselyproportionalto the
thirdpowerof theload. Thus,if theloadis cutin halfthebearing
willlasteighttimesas long.

Unfortunately,thepredictedlifeofbearingsisbasedon the
assumptionthatthebearingfailsas a resultof fatigueof theraces
and/orof therollingelementsat therollingcontacts.Forbearings
usedon the~in shaftsof aircraftgasturbines,thisis notusual~
thecase. A greatmny of thefailuresof turbinemainshaftbearings
areduenotto therollingcontactsas such,but to thehydrodynamic
bearingsthatmustbe usedto controltherollingelements,in other
words,thecage. Also,someof thefailuresaredueto thefactthat
allthecontactsarenot,purelyrollingcontacts.Theballtracksin
theracegroovesof angular-contactbearingsoftenshowthreepitted
bandsseparatedby twoshinybandswheretruerollingoccurred.

e
There

is andmustbe slippagein an angu~ar-contgctballbearingunderheavy
thrustload. Thereforetheballcontactsmustreceivelubrication. ?
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Rollerbearingsalsoareneverpurerolling-contactbearing~.
Everymanufacturerdoeshisutmst to ~ke themas nearto purerolling
as possible,but againtherollingelementshaveto be controlledby
mechanismswhichdependuponhydrodynamicbearingsfortheiroperation.
Theflangeswhichguidetherollersdo so though slidingfrictionfor
whichlubricationmustbe provided.

Perhapsthemosttroublesomemetierofbothrollerandballbear-
ingsusedin gasturbinesis thecageusedto spacetherollingele-
ments. It in turnis controlled(orlocated)as a crudeplainbearing
usuallyon eithertheoutsidelandsof theinnerraceor theinside
landsof theouterrace. Thisis inherentlya poorhydrodynamicbear-
ing. Itslengthto diameterratiois of theorderof 1/30,andits
clearanceforfilmthicknessis severaltimeswhata goodplainbearing
shouldhave. It is trueenoughthatthisplainbearingis verylightly
loaded;nevertheless,it is responsiblefora highproportionof jet
enginebearingtrouble.A greatdealnmrethoughtandresearchshould
be expendedin solvingthisphaseof therolling-contactbearing
problem.

Therehasbeenconsiderableimprovementinperformancebrought
aboutby theintroductionof silverplateon thebronze. Theuse of
modifiedH monelmetalalsohelps,but it isverydifficultto fabricate.

Anotherapproachis to cutdowntheclearanceat thecagesupport
surface,butthiscanbe doneonlyby findinga materialwhichhasmore
nearlythesamecoefficientof expansionas doestheracewaysteel.

Figures1 through3 showvariousrotornmuntingsof rollerbearings
in a jetengine.Figure4 showsa detaileddrawingof a high-speed
rollerbearing.

One of thennstsuccessfulcage~terialsforhigh-speedball
bearingsis a phenolicas usedon oneof thejetenginethrustbearings
of figure5. Figure6 showsthe-nner inwhichit is nmuntedin the
compressorthrustpositionof theengine.The cageis machinedfrom
compoundmadein theformof tubingby windingfinecottonclothon a
mandreland impregnatingit withbakelite.Theresultis thatthere
areabsorbentcottonfibersat allthemachinedsurfaceswhichhold
enoughoilforthecageto operatesatisfactorilyundermarginal
lubrication.Anotheradvantageis thatit isverylight. Theuse of
phenoliccagesis limited,however,to temperaturesof 300°F andbelow,
whichrulesthemoutforfutureapplications.

Theproblemsfacedin providingbearingsforlargerjetengines,
withtheirever-increasingshaftsizesandload,aredifficultenough
withoutat thesametimebeingfacedwithhigheroperatiugand soak-lack
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temperatures.Steelscan,however)be developedto meettheseever-
increasingtemperatures.Themainproblemis to developsatisfactory
cagesandlubricants. w

Rollerbearingscanbe madeto taketheloadsandspeedsof the
largerenginesof thefuture,but theballthrustbearingshavebeen
pushedto abouttheirlimitingspeedsandloads.

Figure7 showstwoangular-contactdoublethrustbearingsduplex
groundso thattheydividethethrustloadin onedirection,withone
bearingusuallytakingthereversethrust.Thisbearinghasa thrust
capacitya~ost doublethatof a singlebearing.

Figure8 is a verysuccessfulcompressorthrustbearingwhichis a
doublethru6tangulsr-contactbearingon theright,duplexgroundwith
an angular-contactbearingon theleft. Bothbearingshavetheirouter
racegroovesin a connnonouterracewhichis sphericalon theoutside
diameterfor self-alinicugpurposes.Thisbearingis equippedwith
phenoliccagessinceit is l~sedwithan Wient temperaturewhichis
nottoohigh.

Thedevelopmentof thr,ustbearingsto be runat higherDN values
at higherthrustloadsandat highertemperaturepresentssomevery
challengingproblems.Theproblemof lubricantsis equallydemanding.
Thento thisis addedtheproblemof operatingthesebearingsfor
periodsof timeafterthelubricantfails,andtheproblembecomes
nearlyinsurmountable.Solvingit shouldrequiregreatingenuityand
resources.

.

.



Fify.re 1. - Typical mount~ of turbineengineforwardbearing.
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PROBLEMSPERTAININGTO HIGH-SPEEDROLLING-CONTACTBEARINGSIN

AIRCRAFTTURBINEENGINESOF CONCERNTO THEMIXZTARY

By C. M. Michaels
PowerPlantLaboratory

WrightAirDevelopmentCenter
USAFAirResearchandDevelopmentCommnd

WrightField,Dayton,Ohio

Themissionof thePowerPlantLaboratoryof theWADCat Wright
Fieldis to developsuperioraeronauticalpowerplantmaterielconform-
ingto USAFrequirementsandcapableof standardizationforusein a
nationalemergency.

Themilitaryservices,in accoqlishingtheirruission,establish
performanceandtestspecificationsforindustryguidancein thede-
velopmentof equipment.Recognizingtheneedforaircraftpowerplants
capableof operationat theextremesof temperaturethatcouldbe
encounteredin thesupportof globaloffensiveor defensiveaction,the
industryhasbeenrequestedto designpowerplantscapableof fast
startandoperationwithintheambienttemperaturerangesof -65°to

4 l&3°F.

Mr.Gurney,in hiscomments,emphasizedtheimportanceof thehigh-
speedrolling-contactbearingin the designof theaircraftgastur-
bine. The importanceof thesebearings,theirlubrication,andcooling
cannotbe overemphasized,particularlyin viewof thetrendtoward
supersonicflightspeeds.The demnds forhigherthrustpowerplants
presentchalle~ingproblemsin thedesignof bearings,sinceit canbe
expectedthathighertemperatures,higherloads,andhigherrotating
speedswillbe encountered.

Revisionsareperiodicallymadeto theGeneralEngineSpecificat-
ions andBulletinswhichpresentdesigncriteriaandrecommendedprac-
ticesas guidancein thedesignof militaryaircraftengines.These
specificationchangesresultfromexperiencegainedby theservicesand
industryin theproduction,operation,andmaintenanceof aircraftand
engines.Koreanexperiencehas revealedthatpilotsandaircrafthave
beensavedin cotiatoperationsbecauseengineshave continuedto run
forfairlylongperiodsaftercompletelossof theoilsupply.Further,
twoenginetestsat thePowerPlantLaboratoryat WrightFieldhave
confirmedthatpresenttypesof turbojetengineswillcontinueto run
anddevelopthrustforperiodsof 17 to 26 nrlnutesaftercompleteloss
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of theoilsupply.Thisfeature,whilenotintentionallyprovidedin
thepast,haspromptedtheservicesto comiderit as a necessaryattri-
butefora fullyacceptableturbojetengine.A minimumoperationof P
15 minutesis desiredfollowinglossof oilsupply,eventhoughserious
damagemayhavebeensufferedbytheengineat theendof thatperiod.

TheaforementionedPowerPlantLaboratorytestswererunon two
enginesof approximately!57300-poundthruststartingwiththefollowing
differences:(a)thefirstengineemployedthesolid-oil-stream,full- 1
scavengelubricationsystem,and (b)thesecondenginewas equipped
withtheair-oil-tiattypeof lubrication.

Thefirstengine,employingthesolid-oil-streamlubrication
system,operatedfor17 minutesfollowingoilsupplycut-off.The

.

vibrationwas norml untilimnediate~prece~ngfailureof thee~ine.
An abruptvibrationincreasewasnotedbut failureoccurredbeforethe
engineoperator’sthrottlecouldbe closed.Figures1 through4 show
damge to thisfirstengine.

The secondengine,employingtheair-oil-fistsystem,operatedfor
26 minutesfollowingdilflowinterruption.Normalvibrationwas ..

experienceduntilsuddenlya 12 milvibrationwas noted. The engine
was i.?mnediatelyshutdown. Figures5 and6 showdamageto thissecond
engine.

Followingthesetwotests,an enginecontractorranan additional
teston an engineemployinga solid-oil-streamlubricationsystem;this
enginewasprovidedwithsilyerplatedmofielretainersinbothball
androllerbearings.~is engineoperate~withoutoilfora periodof
52 minutesandwas stoppedwhenthedamperbearingtemperaturereached
570°F. No damge to theengineresulted,but therewas evidenceof
high-temperatureoperationat thedamperandturbinebearings.

Thosetestsdemonstratetheabilityof antifrictionbearingsto
operatefor considerableperiodswithoutlubrication.It is recognized
thatteststandoperationat staticsealeveldoesnot simulatethe
highbearingloadingencounteredduringflightmaneuversfollowi~loss
of oilsupplywhichcouldfurtherappreciablyshortenenginelife.

—

.
_.

.—
.—

Themilitaryservicesrecognizetheneedforstimulatingresearch
anddevelopmentefforton aircraftgasturbinebearing$andtheir
lubrication.To aidin thisprogram,theAirForceis sponsoring,
throughtheCoordinatingResearchCouncil;a jointprojectamongthe
bearing,engine,andpetroleumindustries.Forthepresent,an effort
isbeingmadeto procurebearingtestmachinesforindustrialuse. The
firstmachinewillbe capableof testingbearingshaving P
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Bore,ma . . . . . . . . . . . . . . . . . . . . . . . . . . ..”.90
* Speedrange,npm . . . . . . . . . . ..”. . . . . ..2OOOto 20,~0

Thrustload,lbmx . . . . . . . . . . . . . . . . . . . . . 15,mo
Radialload,lb...... . . . . . . . . . . . . . . . ..lO, ~
Temperaturesoaking’andcontrolprovisionsforbearingsandlubricant

Thelargermachinewilltestbearingshaving

Bore,nm. . . . . . . . . . . . . . . . . . . . . . . . . . . .,200
Speedrange,rpm. . . . . . . . . . . . . . . . . . . . 500to12,003
Thrustload,lbmax . . . . . . . . . . . . . . . . . . . . .l~,COO
Radialload,lb . . . . . . . . . . . . . . . . . . . . . . . 25,0CXl
Temperaturesoakingandcontrolprovisionsforbearingsandlubricant

In summary,thehigh-speedrolling-contactbearing,itsdesign,
metallur~,and lubricationarerecognizedas keycomponentsin the
designof aircraftgasturbines.Thereexistsan urgentnecessityto
focusincreasedresesrchanddevelopmentefforton thissubjectto
satisfytheever-increasingdemandsonbearingsinsofaras load,
temperature,andspeedareconcerned.



I ■ m m— ■ .

Figure1. - Rkmber2 “ww~ fallwm d e@mm mplo@w aolld-oil-streamltiriratloneyatemabowlmgabsencefl
mlc.artaretainer& bunchingcf ballE.

I I ,,, 11



jR
NACATN 3110 25

Figure2. - Iimuber1 bearingfailureof e@ne employingsolid-oil-stream
lubricationsystem showingfailedretainerand rollers.
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ROLLJNG-CONTACTBEARINGSAS APPLLEDTO AIRCRAFTGASTURBINES

FROMTEEENGINEMANUFACTUFZR’SPOINTOF VIEW

By StephenDrabek
GeneralElectricCo.
Cincinnati,Ohio

Whenthedesignerof an aircraftturbineenginelooksat hisbear-
ingproblem,he is forcedto giveup thesmll, lightweight,inexpensive
sleeve-t~ebearingforrolling-contactbearingsbecauseof (a)extreme
lowtemperaturestarting,(b)lowstartingtorquewithoutpreoiling,
(c)insensitivityto oilflowinterruption,(d)greaterfreedomin
alinementtolerances,and (e)loweroilflowandcoolingload. Having
chosenthegeneraltypeofbearing,theenginedesignermustthen
choosespecificbearingswithmajoremphasison reliabilityandover-
allminimumweight. Whenin doubt,thedesignerwillusuallychoose
adequatereliabilityovera weightsaving.

Thepresentstateof theartis suchthatrolling-contactbearings
operatesuccessfullyin manythousandsof jetenginesat topspeeds
generallyaround1,000,CX30DN value,toptemperaturesabout30C0 F, all
theradialloadsthattheenginecandevelop,andcarefullyminimized. thrustloads.

Thesefourareasof speedorbearingsize,temperature,radial
load,andthrustloadareconsideredwithrespectto someof thedeter-
miningcharacteristics,theway theyaffectpresentproductionunits,
andhowthelargesupersonicenginesof thefuturepresentsomefor-
midableproblems.

SizeandLinearSpeed

A strivingfor largerdiameterbearingson new,large,singlerotor
enginescornsfroma desireto increasethecriticalspeedof theshaft
to a valuewellabovetheoperatingrange. Also,simplifieddesigns
of minimumweightcanbe achievedwithlargediameter,thinwallshaft-
ing. The limittheenginedesignermustfirstobserveis the safe
operatinglinearspeedofbearings.Withthepresentstateof thebear-
ing arthe hasbeenforcedto stepdownthediameterof his shaftwith
a resultantincreasein weight,complexity,andcost.
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Figwe 1 is shownpurpo~elyto dramtizetheneedforlargedia-
meterbearings.It showsan oversimplifieddualrotorturbojet.Essen-
tiallyit is twoengines- onewrappedaroundtheshaftof another. ●

Thelowpressureunithasthelongshaft.For criticalspeedandweight
considerations,theshaftshouldbe holloWandhavea largediameter.
Thehighpressureunitwillhaveitshollowshaftstilllargerin dia-
meter. Bearingswillle placedbetweenthetwoshafts.Dependingon
otherconsiderationswhichwillnotbe discussed,oneor morebearings
willprobablybe placedoutsidethelargershaft.Whendesignersmade
studiesof newengineswithno considerationof presentbearinglimita-
tions,bearingdiametersexceeded18 inches.Theenginespeedwasnot
muchdifferentfromspeedscurrentlyused. A quickcheckshowedthat
a bearinghalfthatsizewouldrequirefurtherdevelopment.

,-
Thustheconflictchallengestheingenuityof thedesignerand

resultsin heavier,morecomplicatedengineson onehandanda striving
forreliefthroughdevelopmentof largerbeari~s on theother.

Temperature

Bearingtemperaturesnear303°F existin present-dayproduction
engines. Thislimitis a compromiseof (1)thepetroleumlubricating
oil,(2]thecommonbearingsteel,SAE52100,and (3)theachievement
of adequatecoolingin thelowpressureratioengineoperatingin the w

vicinityof sonicspeedandbelow.

The compressorinlettemperaturesaregenerallyunder20C0 Fj the
.

compressordischargetemperaturesarewellunder600°F. By careful
designinvolvinginsulationforthebearf~ andoilpathsandusing
coolingairtakenfromthelowercompressorstages,themetalnearthe
bearingcanbe broughtdownto about400°F. Excessoilflowimpinged
againstthebearingwillremqvetheheatit generatesand,in addition,
loweritstemperatureto under300°F. —

A correspondingactiontakesplacein theturbine=ea wherecool-
ingairis impingedagainsttheturbinewheelto reducetheflowof
heatto thebearingandexcessoilflowremovesthi~heat (plusthe

—

heatgeneratedby thebearing)to keepitstemperaturewithinsafe
operatinglimits.

Theproblemof heatsoak-backshouldbe mentionedhere. Whenthe
engineis shutdown,theflowof airandoilceases.Withthiscessation
of cooling,theresidualheatin theturbineblades,turbinewheel,and

.

othermstalpartscontinuesto flowto thecoolerparts. Theturbine
bearingtemperaturesometimeshasIncreasedmorethan153°F, withthe
resultthatanyoillefton thebearingis partiallyevaporatedand —

w
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therestis oxidized.Experiencehas shownthata rollerbearingso
driedwillfailafteroperationat up to 10 percentof ratedspeedin

. a ~tter of seconds.One dropof oil,however,couldpreventfailure.

Sincewithnormaloperationtheseconditionshaveconibinedto
resultin occasionalfailures,thisproblemwas takenintotheGeneral
Electricbearinglaboratoryfor solution.kboratoryinvestigation
showedthatthebearingbronzewouldruboffveryrapidlyontothe
steelracelocatingsurface.Ey platingthebronzewithsilverthe
situationwas greatlyimproved;thesilver,beingnmrecompatiblewith
steel,rubbedoffrmchslower.~is changepluschangesin theoil
systemhavecombinedto virtuallyelind.natethistypeof failurein
practice.

Thelu-orlcantis perhapsthemostimportantsinglelimitto higher
bearingoperatingtemperatures.Presentpetroleumfluidsvolatilize
aboutas fastas canbe acceptedin currentengines.At highaltitudes,
thisconditionis aggravatedby thelowatmosphericpressures.

Syntheticoilsare requiredto improvethehigh-temperature
volatilityproblemwithoutimpairinglow-temperatureoperation.

Figure2 showscompressortemperaturevariation.Temperatures
experiencedby the5:1compressorratioengines- generallywell
under6@l”F - havebeenhandledquitewell. However,whenthehigher
pressureratioengine,say15:1,is consideredat sealevelllach1 the
compressordischargetemperatureis about900°F. At the cold50,0~
feetaltitudethistemperaturereaches1060°F at Mach2. The lowest
coolingairtemperatureis 300°F andis at toolowa pressureformuch
use. At temperatureslikethese,newmaterialsandsomenewthinking
arerequired.
in supersonic
“must.‘1

Sincethepriceof coolingquicklybecomesprohibitive
aircraft,higher-temperaturebearingsandoilsarea

RadialLoads

Theproblemof radialloadis notso important,forundernormal
conditionsthisis merelytheweightof therotor. Thisloadis
usuallyunder1~ poundsperbearing,whichis
sizebearingsused.

Gyroscopicloadsdueto maneuversarevery
theyarewithinthecapacityof thebearingand
periodsof tire,theeffectis oneof shortened
quantitiesas yet unmeasured.

insignificantforthe

high. However,since
lastfor suchshort
bearinglifeby
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ThrustLoads
.

Theproblemof thrustloadsis different.Heretheamountof load
thatthebearimgcantakewithinan acceptablelifeperiodis verylow.
Thisforcestheenginedesignerto providebalancingpistonsto keepthe
thrustloadto a minimum.Thesebalancingpistonsmeanaddedweight,
addedcomplexity,addedcost,and,perhapsmost importantof all,a
lossof compressedairwhichresultsin shorterairplanerange.

If thefactthattherearetworotorsin figure1 is ignoredand
if thepressureon theforwardareais consideredas a baseline,the
inclinedareaof thecompressorwillhavehigherpressuresagainstit,
whichwillpushthecompressorbackward.Thecompressorblades,on the
otherhand,areequivalentto propellerspullingthecompressorforward.
Thisresultsin a veryhighnetforwardforce. It wouldbe desirable
to sealthecompressedairbetweenthecompressorrotatingsurfaceand
thestationaryburnerswitha SW1l dismetersealto reducetheleakage
throughtheseal. However,thiswouldresultin a tremendousforward
forcedueto thehighpressureagainstthissurface.Thusa largedia-
metersealis usedneartheedgeto reducethisforce. Theresultis
moreleakage.In somecases,theresultantforwardforceis still too
high,so compressedairis pipedto a volumein frontof thisfrontface
to helpbalanceit out. Thismeansanothersealis requiredat this
surfaceandmoreleakageof compressedairresults.Otherapproaches
canbe used,but invariablytheendresultis moreairlossthanis
desired.

Also,thereis a problemofbalancingat allconditionsof engine
operation.To givesomeideaof thetypeof numbersinvolved,remember
thattheseareasareof theorderof ~gnitudeof 100to 4CX3square
inchesat thecompressorinletand300to ~ squareinchesat the
compressordischargeandfargreaterin theblading.

Figure3 showsthatan enginewitha compressorpressureratioof
5 hasa dischargepressureof 130poundsper squareinchat Mach1 sea
levelandan enginewitha compressorpresmreratioof 15willdevelop
over400at thesameconditions.At 50,000feetthehighpressureratio
enginedevelops170poundspersquareinchat Mach2, andthatpressure
is clinibitlgrapidly.Theforegoingwillhelpto gainappreciationof
thefactthattheenginedesigneris jugglingforcesof tensof thou-
sandsof poundswhichvarywithenginespeed,airspeed,andaltitude
allforthepurposeofkeepingthethrustloadon thelearingsdownto
a fewthousandpounds.

In conclusion,theroadaheadinvolvesa largeamountof develop-
mentworkto producereliablebearingsthatwillbe largein diameter
andwhichwilloperateat higherDN values,higherte~eratures,and
higherthrustloads.

.
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NEWDEVELOPMENTSIN HIGH-SPEEDROLLING-CONTACTBEARINGS

APPENDIXD

By FrankW. Wellons
SKFIndustries,Inc.

Philadelphia,Pennsylvania

Withrespecttobearingapplicationanddesign,thereis no
typicalaircraftturbine.However,themainshaftcarryingtheturbine
andcompressoris supportedon twoor mre bearingsandthereis a
multitudeof essentiallystandardcatalogballandrollerbearingsin
thegearcaseand itsrelatedaccessorydrives.Thespeeds,loads,
andtemperaturesaregenerallymostsevereforthemainshaftapplica-
tions,sothatby comparison,verylittleattentionhasbeenpaidto
thenmreconventionalbearingsin thegearcase,althoughth”ese
applicationsrepresentby farthelargestnuniberofbearingsin the
engine.For convenience,we willlimitourconsiderationofbearing
problemswithhighperformanceenginesto themainshaftapplications,
althoughit mustbe recognizedthatthetrendstowardhigherspeeds,
loads,and temperatureshavean increasingeffecton allotherbearings
in theengine.

Bearingspeedsaregenerallymeasuredin termsof theDN valuefor
a givenapplicationwhereD is thebearingborein millimetersandN,
the shaftspeedin rpm.. The initialbearingapplicationsin jetengines
wereat DN valuesof approximatelyM30,000;but as newerengineshave
developed,therehasbeena fairlyconstantincreaseinbothshaft
speedandbearingbore,so thattodayDN valuesapproaching1.5x106
area reality.Thisraisein theDN limithasbeenaccomplishedby
numerousrefinementsin bearingdesign,materials,lubricating
provisions,andso forth,andit appearsthatthetrendtowardeven
higherDN valueswillcontinue,althoughpossiblyat a lesserrate.
In anycase,thereis no indicationof a suddenjumpinbearingspeeds
andthereis no reasonto expectthatenginedevelopmentwillsuddenly
be retardedby inabilityof themainshaftbearingsto operateat
optimumdesignspeeds.

A secondconsiderationforfutuxeengineprogramsis theeffect
of syntheticlubricantson theloadcarryingabilityof antifriction
bearingcomponents.Ballandrollerbearingsareselectedfora
givenlifeexpectancyundertheanticipatedloadandspeed. An ef-
fectivelyprotectedandwell lubricatedballor rollerbearingwill
operateindefinitelyuntilrepeatedstressesinitiatesubsurface
crackswhichdevelopintospallingofthe loadedsurfaces.Endurance
testsconductedunderstandardizedconditionsin theSKFLaboratory
havegivenan indicationthatthefatiguelifeof thebearingparts.
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canbe affectedby thetypeof lubricant(seefig.1). Groupsofbear-
ingsweretestedwithvariousfreakandunorthodoxlubricantssuchas
cuttingcQmpounds,gasoline,and so on,andtheaveragelifewasmuch ,
lessthanforsimilartestgroupsof thesamesizebearingsoperating
underidenticalconditionsbut lubricated,withconventionaloilsand
greases.Premturefatiguefailuresof thisnaturehaveneverbeen
apparentwithcurrentengines,probablybecausethebearinglubricant
mustalsolubricatethegeartrain;but in screeningpossible flfidsfor
high-temperatureoperation,considerationshouldbe givento theeffect
on theloadcarryingabilityof theballandrollerbearings.

Themaximumouterracetemperatureforsatisfactoryoperationof
bearingsmadefromconventionalmaterialssuchas SAE52100is generally
consideredtobe 3!33°F. To takefulladvantageof syntheticlubricants
andto avoidbearingdamge fromexcessivesoak-backtemperaturesafter
engineshutdown,it willbe necessaryto considernew steelsforthe
mainbearingsof futureturbinepowerplants.In selectingthemost
suitableanalysisforthesehigh-speed,high-temperaturebearings,there
areseveralcharacteristicsthatmustbe carefullyweighed:

1.An analysismustbe chosenwhichcanbe heat-treatedto obtain
an acceptablehardnessandyetmaintaindimensionalstabilityat
maximumoperatingtemperature.

2. Forultimateloadcarryingcapacity,a minimumhardnessof at .

leastRockwellC-58mustbe maintainedat themaximumoperatingtem-
perature,andthehardnessmustbe essentiallyunaffectedlyextended

.

serviceat thiselevatedtemperature.
,

3. A suitablehigh-temperaturesteelshouldrequirea minimumof
criticalalloyingelementswithparticularemphasison tungsten.

4. Theanalysisshouldbe availablefromseveralcompetitive
sourcesandcoveredby a recognizedindustryspecification.

5.Althoughit is mosflikelythatanybearingsuitableforhigh-
temperatureoperationwillbe moredifficultto nmmfacturethanone

—

mde from52100;considerationshouldbe givento heat-treatmentand
grindingcharacteristics.

In England18-4-1toolsteelhasbeenusedforhigh-temperature
applications,but in theUnitedStatesa strongefforthasbeenmade
to useanalyseGwiththenecessaryhigh-temperaturepropertiesbut

———

havinga lowercriticalalloycontent.A greatmanyhigh-temperature
bearingshavebeenmadefromtheM2 analysiswith6 percenttungsten,
hutpost-KoreathinkinghasleanedtowardtheMIO steelwhichrequires .
no tungsten.Oddlyenough,themillswhichfurnishMIOwillshowup
to 1 percenttungstenas an impuritybecauseof thetypeof scrapthey

.
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use. Therefore,a thirdanalysis,Ml,with1* percent
tungstenhasrecentlybeenconsideredbothbecauseof itsnm~efavorable.
manufacturingcharacteristicsandbecauseit is preferredoverMIOby
thesteelrmkers.The compositionsof thesevariousbearingsteel-sare
as follows:

c
Mn
Si
Cr
P (max.)

[)
s max.
Ni BX.
Cu(max.)
Mo
w
v
Terper,%
Hardness,RockwellC~

52100 M2 Mlo Ml.
0.95- 1.100.75- 0.850.83- 0.930.75- 0.85
.25- .45 .x)- .40 .10- .35 .15- .40
.20- .35 .20- .40 .20- .40 .15- .40
1.30- 1.603.75- 4.503.75- 4.503.50- 4.25

.025 .039 .ox) .030

.025 .030 .030 .030

.35 -----.----- ----------------------

.25 ---------------.-----------------
.08(max.)4.75- 5.257.75- 8.508.25- 9.50
-----------5.50- 6.501.00 (mX.) 1*W - l.m
-----------1.75- 2.251.EO- 2.15 .90- 1.25
455 - 465 105O- KKK)1050- 10751025- 1075
58 - 61 62 - 65 62 - 65 62 - 65

Dimensionalstudieshavebeenude ~thMl, M2, andMIO ringsby
heatingat varioustemperaturesup to 900°F for 2 hoursandthencool-.
ingto roomtemperatureoverni t.

F
For allthreeanalyGestherewas

no diameterchangethrough7~ F anda negligiblechangeup to SK300F.

Hot-hardnesstestshavebeenmde fora greatnumberof steels
includingthenormalbearingsteels,intermediatehigh-temperature
steels,andtheM seriestoolsteels.Referringto figure2, it is
notedthat52100steelwhichhasbeengivenstabilizingheat-treatment
to minimizegrowthat elevatedtemperaturewillmintain a fairlycon-
stanthardnessup to 400°F andthenfalloffquitera~idly.The
hardnessforthesetestswas obtainedby initiallybringinga small
specimenup”tothedesiredtemperature,rapidlytransferringthepiece
to a holdingfurnacemcmntedon thehardnesstester,andthentaking
conventionalhardnessreadingswiththespecimenat temperature.The
hot-hardnessforM seriestoolsteelswhichhavebeendimensionally
stabilizedby a doubledrawat approtimte~ 1050°F fallsofffairly
uniformlywithtemperatureto a hardnessof RockwellC-57at ~“ F.
Becauseof thecostandmanufacturingpenaltiesattachedto theM series
steels,variousintermediateanalyseshavebeenevaluatedforappli-
cationswheretheoperatingtemperaturewouldonlyslightlyexceedthe
limitationsfor52100. Theseintermediateanalyses,havingnmrecon-
servativealloycontent,wouldbe mucheasierto fabricateandyet

< wouldpermita currentlyample200°F increasein operatingtemperatures,
as demmstratedby thehot-hardnesscurveson figure2.
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For lightlyloadedmainrollerbearingswherecapacityis unimpor-
tant,a limitedincreasein operatingtemperaturecanbe madeif a
lower-than-normalhardnesscanbe tolerated.For an applicationat

.

500°F, ring6androllersforan experimentalbearinghavebeendimen-
sionallystabilizedby a 2-hourdrawat 600°F whichresultedin a
hardnessof RockwellC-55.

Althoughthedecreasedcapacityis of no greatconcern,thesoft
ringsandrollerswillbe susceptibleto nicksanddentsfromhandling
abusewhichmightcauseprematurefailure.

Resultsof grindabilitytestsusing52100as a referenceare
shownon figure3. Ml,thebestof thehigh-temperaturesteels(froma
grindabilitystandpoint),requiredB3 percentlongertimeforthe ssme
stockremovalas a comparableoperationwitha siJIdlarringof 521~:
For simplicity,theseveralintermediatesteelscoveredby thisinves-

-—

tigationhavenotbeenlistedon thechart,but generallyspeaking,
theseanalyseshavenotshownmuchbettergrindabilitythanMl. For a
morecomprehensiveproductioncomparisonof high-temperaturesteel
bearings,comparativetimesformakinga completerollerbearingare

—

shownin figure3. The experimentalanalysisat theextremerightof
figure3 was developedforidealhot-hardnessandlowalloycontent
andis noteworthyas themostdifficultsteelto grindthathasyet
beenconsideredforbearingusage. .

For sometimeto come,it is likelythata varietyof steels,that
is,eitherconventionalsteelswithmodifiedheat-treatmentsor suitable
analysesfortheoperatingconditions,will.be usedin aircraftturbines.

.-

Eowever,as thetrendtowardhighertemperaturescontinuesandas new
lubricantsbecomeavailable,highalloytoolsteelswillbe obligatory
forreliableperformance.Withthisinevitablegoalin mind,it would
appearto be goodecono~ to concentrateattentionon themanufacturing
problemsandperformancecharacteristicsassociatedtiththoseanalyses
whichwillbe of longrangebenefit.
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APPENDIXE

BASICFRICTIONANDWEARSTUDIESOF ROLLZNG-CONTACT-

BEARINGCAGEMUXRIMX

By RobertL. Johnson,MaxA. Swikert,andEdmondE. Bisson
NationalAdvisoryCo&tteefor Aeronautics

LewisFlightPropulsionI@oratory
Cleveland,Ohio

INTRODUCTION

One of theprincipalsourcesof failurein rolling-contactbear-
ingshasbeenthecage(separatoror retai~er).Researchandservice
experiencehas shownthatthesefailuresarelubricationfailuresat
thecagelocatingsurfacescausedby inadequaciesin thelubrication
resultingfromseveralfactors.Thehigh-temperature“soak-back”(after
shutdown)of theturbinebearingcausesvaporizationof theresidual
lubricantandleavesthebearingsurfacesrelativelycleanandtiY.
In consequence,duringsubsequentstartsof theenginethesesurfaces
(someof whicharein puresliding)areoperatingunderconditionsof
dryfriction.A secondandveryimportantfactorwhichresultsin
lackof lubricationis thatcausedby oilinterruption,thatis,inter-
ruptionto theflowof lubricantby lossof thelubricatingsystem.

One of themethodsof approachto thistypeof problemis to me
materialsforcageswhichareinherently“nonwe~~~,’revenwhen
operatingin theextrem boun&y or dryconditions.An investigation
was thereforemadeof somepossiblecagematerials.Thisinvestigation
wasforthepurposeof studyingthefrictionandwearpropertiesof
thesematerialswhenoperatedunderpureslidingconditions,bothtiy
andlubricated.

Theresultscontainedin thisdiscussionarebasedon thedataof
reference1.

Thereasonsfor selectionof thevariousmaterialswerebasedon
bothpresentandanticipatedrequirementsforcages. The~terials
selected,in general,hadmechanicalpropertiesthatcoqare favorab~
withthoseof materialsin presentuse. Sincetheactualstrength
requirementsfora cage-terial areunknown,a strengthequalto that
forconmmnlyusedmaterialswas chosenas a standard.
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One of theextremelyimportantphysicalpropertiesof possible
cagematerialsis thethermalexpansioncoefficient;thetherwl ex-
pansioncoefficientshouldbe as closeto thatof theracematerialsas
possiblein orderthatdifferentialexpansiondifficultiesmaybe
minimized.Anotherimportantfactor,particularlyforhigh-temperature
bearings,is thatof corrosionor oxidationresistance.

REsmlcs

Thefrictionapparatusfortheseexperimentsconsistedessentially
of a rotati~ diskspecimenanda riderspecimen,withthetwospecimens
in pureslidingonly. Thisapparatusis shownin figure1. Allwear .
runsweremadewithoutradialtraverseso thattheriderspeci~nwas
slidingin thessmetrackon thediskspecimen.In allcasesthedisk
specimenswereof E& 5210(2steelandtheriderspecimensweremade
fromthedifferentmaterialsinvestigated.Theriderspecimenwas
elasticallyrestrainedthrougha dynamometerringassenibly,andfriction
forcewasmeasuredlyuseof straingageson thedynamometerring.
Wearwasrecordedbymeasuringthewearspotdiameteron therider
specimenat regularintervals.

.

Theweardataforthevariousmaterialsareshownin figure2
(50gload)andfigure3 (269gload). Comparisonof thesetwofigures
showstheextremelyimportanteffectof load,sincesomeof thematerials

.

whichappearedfairlypromisingat thelightloadsshowextremelyhigh
wearratesat highloads,forexample,monel. Thesedatamayhelpto
explainwhymonelhas shownerraticbehaviorin service.

,
It is entire-

ly possiblbthat,undercertainconditions,themonelcageshavebeen
operatingunderreasonablylowsurfaceloadsandhavetherefore
operatedsuccessfully.In otherinstances,thesurfaceloadsmayhave
beenhighandthemonelmayhavefailedas a result.

Examinationof thewear trackson the 52100diskspecimenrevealed
thatcastironsweretheonlymaterialsthatdidnothaveappreciable
metaltransferto thedisksurface.The castironsformedblackfilms
whichmayhavebeengraphiticcarbon.No severescoringof thesteel
surfaceswas observedin thedryrunswithanyof thematerials.

Duringthedrywear runs therewere indicationsthatfilmswere
formingon thesurfacesof someof thespecimens.Thefilmswerenot
stable,however,andshowedcontinualbuildupandbreakdown.The
frictionandwearpropertiesof themterialswereappreciablyaffected
by thepresenceof the filmj in general,goodfrictionandwearprop-
ertieswereobtainedwhenthefilmwaspresent.It isbelievedthat
thefilmfrombronzewas formedby leadfromwithinthestructureof the -
bronzeandthatthefilmson nichrome,monel,andberylliumcopperwere
oxidefilms. .

,.. .. L, i-
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Figure4 showsthewearareasof riderspecimensafterthedry
wearrunsat the269gramload. Visualobservationof thewearareas
showedpartialfilmformationon thebronze,berylliumcopper,and
nichromeandalsoshowedevidencesof plasticdeformationof thenmnel
as wellas of theverygoodsurfaceappearanceof thecastirons.

In general,thedryfrictioncoefficientsof thevsriousmaterials
against52100steelwererelativelyhighexceptforbronzewhichhad a
lowfrictioncoefficientat lowslidingvelocitiesbut showedan up-
wardtrend(fig.5).

Underlubricatedconditionstherewasverylittledifferencein
frictioncoefficientforallmaterialsexcept“beryl~iumcopper,which
showedan extremelyhighfrictioncoefficient(fig.6) at highloads.

SUMMARY

Undertheconditionsof thisinvestigationtheresultsindicated:

1. Theabilityof thematerialsto formsurfacefilmsthatprevent
weldingis a mostimportantfactorin bothdryfrictionandboundary
lubrication.Thesesurfacefilmswereprobablysuppliedfromwithin
thestructureof thecastiro~sby graphiticcarbonandof thebronze
by lead. Monel,nichrome,an’dberylliumcopperformedfilmsbelieved
tobe oxidesunderbothdryandlubricatedconditions.

2.On thebasisof wearandresistanceto weldingonly,thecast
ironsshowedappreciablepromise.Thesematerialsarepromisingalso
becausetheyhavethermalexpansioncoefficientsnearlyequalto that
for52100steelandthoseforsometoolsteels.
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APPENDIXF

PRESENTSTATUSOF RESEARCHKNOWIEIX2EIN THEFIEIDOF

HIGH-SPEEDROLLING-CONTACTBEARIiYGS

By E.F.Macksl
NationalAdvisoryConuoitteeforAeronautics

LewisFlightPropulsionLaboratory
Cleveland,Ohio

The statusof researchknowledgein thefieldof high-speedroll-
ing-contactbearingsis graduallyincreasing.However,thedemandsof
newaircraftenginesarefar in advanceof presentbearingresearch
knowledge.Mostof today~enginesarebeingdesignedfrom extra-
polatedbearingknowledge.In manycasesthebearingis a limiting
fea’turein thedesign,as designersadmittheycannotventuretoofar
intotheunknown.

hong themostcriticalbearingsin theaircraftenginearethose
thatlocatethemainrotorin boththeradialandaxialdirections.
Ultrahighsurfacespeeds,increasingtemperatures,andincreasingthrust
loadsaretheconditionswhicharemakingtheproblemincreasingly.
critical.Limitationsof thelubricantareapparentandtillnotbe
discussedhere. Therolling-contactbearinglimitationsaredueboth
to inherentcharacteristicsof thisbearingtypeandto limitationsof
theavailablematerials.

Figure1 givesa roughideaof the stateof knowledgeregarding
high-speed,high-temperature,radial-loadbearings.Therolling-con-
tactbearingsbestsuitedforthesubjectapplicationarecylindrical
rollerbearingsanddeep-grooveballbearings.Theabscissashowsthe
bearingspeedinbothDN valueandfeetper second.In eachcasethe
valuesarebasedon thebearingboreandshaftspeed. The ordinate
givestheoperatingtemperaturein degreesFahrenheit.A decadeago,a
bearingoperatingat 100feetper secondwas consideredto be a high-
speedbearing.Thefutureobjectiverequirementsareindicatedbythe
da5hedlines. Theknownareais shownin thelowerleft-handcorner.
Not everythingis knownaboutbearingsevenin thisarea. Enough
is known,however,to allowfor safeoperationofbearingsin engines
withintheoperatingconditionscoveredby thearea.

Themaximumknownengineandresearchdataareindicated.These
datado notconstituteverymuchtangiblein theway of reliability,as

. onlya fewhoursof operatingtimehavebeenaccumulatedat nmstof
thesepoints.Thesepointsmeanonlythatbearingshaveoperated

.
lPresentlya consultingengineer.
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at theseextendedconditions.It is seenthatbearingshaveoperated
eitherat DN valuesas highas 2.4s06 or at temperaturesjustabove
500°F. .

It is alsoseenthatbearingshaveoperatedat temperaturesto
1000°F at lowspeeds.As maybe seen,thetrendis towardtheupper
right-handcorner,that1s,to thehighestspeedandhighesttemperature;
it is obviousthereis a longway to go.

Figure2 illustratesin a broadsensethestateof affairsregard-
ingthehigh-speed,high-thrust-loadrolling-contactbearings.The
angular-contactballbearingis generallyconsideredthebestforthis —

application.Theabscissais againgiveninbothDN valueandfeetper
second.The ordinateis givenas thrustloadinpounds.Thefuture
objectiverequirementsareagain iudicatedby thedashedlines.
Theknownareais indicatedon theleftportionof thefigure.The
maximumknownengineandresearchdataarealsogiven;hereagainthe
datashowonlythata bearinghasbeenrunundertheindicatedcondi~ioti———

of operation.The trendis indicatedtowardthe upperright-handcor--
ner of the figure,and againit is seenthat thereis a long,long

—

way to go. The datashowthatbearingsha~eoperatedat DN valuesas
——

highas 3.1x106underverylightthrustlQadsandm highas 1.4X106
underthrustloadsof 18,000pounds.

Figure3 is a bar graphillustratingtherolling-contactbearing
materialsituationwithrespectto thefutureobjectivetemperature .

requirementof lCCUOF (indicatedby thedashedlineon theright).
Theabscissais givenas theoperatingtemperaturein OF;thematerials

.

consideredareforracesandrollingelementsin onecaseandforcages
in theother. It is seenthatmaterialsareavailableforracesand
rollingelementsto temperatures in theneighborhoodof 450°F without
useof strategicmaterials.Above450°F somepenaltymustbe paidin
strategicmaterials.Therearesomeengineoperatingdatain thereg-
ionbelow500°F. However,in theregionabove500°F, thereare
practicallyno researchor enginedata. Thegraphabove5C0°F is
basedpurelyon thephysicalpropertiesof materials.In thecaseof
materialsforcages,operationin engineshasreachedabout500°F.
The searchfor cagematerialsis continuing.Severalmaterialslook
promisingabove550°F, althoughno researchdataor enginedatahave
beenobtainedto verifythis.

Up to nowlifeandreliabilityhavenotbeendiscussedto anyex-
tent. Thesefactorsareof utmostimportancein aircraft.Therearetwo
vastlydifferentfactorsaffectinglifeandreliabilityforthesubject
application:oneis wearandtheotheris fatigue.Evenwithadditives
in theoil,rollerbearingswearbeyondacceptablelimitsunderthe .
operatingconditionsof someof today’sexperimentalengines. —
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Externalradialloadsarenotexpectedtobe a causeof fatiguein
ballor rollerbearings.However,ati’theultrahighspeeds,therolling

. elementcentrifugalloadis so greatas to linitthelifeof thebearing
by fatigueat zeroexternalload. A roughcalculationhasbeenmde as
to whatthish=ing Dl?valuei6 forlC#O-hourlifebasedon %3 percent
survival.The calculatedansweris about2X106DN or 353feetper
secondfora 45-mill.~terboreballbearing.Thisfigureisbasedon
theindustry’sbeststeeltodayat temperaturesbelow300°F. Going
backto figure2 it is seenthatno temperaturehasbeenindicatedex-
ceptin theknownarea. Temperaturehasbeenomitted,sinceforair-
craftapplicationsit is a variableon thischart,andincreasesto
about8&3°F as theoperatingconditionsapproachtheupperright-hand
cornerof thechart. Thismeansthatthereis muchlessknownthan
is indicatedby thisplot,sinceit is trueonlyfortemperaturesunder
~o F - at hightemperatureseventheknownregiondisappears.

Thebearinglifemustbe increasedmanythousandfoldto meetthe
futureobjectiverequirements.Evenstackedbeari~s offeronlya
limitedsolutionin thisregard.Duringthepast,theliferatings
ofbearingshavebeencoritinuallyimproved;however,whatis nowasked
of therollingcontactbearingis almnstin therealmof fancy.

In conclusion,it is obviousthatmuchresearchanddevelopment
dataarerequiredon high-speedrolling-contactbearings,particularly
at hightemperatures.
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